Exogenous stimuli modify larval behaviors and mediate an individual's vertical position in the water column. Larvae (stages-1, -3 and -5) of the commercially important Florida stone crab, Menippe mercenaria, were used to determine if (i) individuals elicited a response to gravity (geotaxis), hydrostatic pressure and light, (ii) those responses underlie depth regulation and (iii) those responses change during larval development. All larval stages were negatively buoyant. Stages-1 and -3 larvae elicited a negative geotaxis that promoted upward swimming, while stage-5 larvae elicited behaviors that would position individuals at depth. During relative increases in pressure all larval stages tested swam up, while pressure decreases resulted in downward movement. Light intensities that mimicked an angular light distribution resulted in a negative phototaxis among all stages with stages-1 and -3 larvae being more sensitive than stage-5 larvae. These results indicate that the responses to exogenous stimuli in stone crab larvae function as a negative feedback mechanism for depth maintenance and change throughout ontogeny. The responses observed in stages-1 and -3 larvae suggest an overall shallower distribution while the shift in the sensitivity and orientation in stage-5 larvae likely positions individuals deeper in the water column, where sublittoral flow will facilitate transport toward settlement habitats.
temperature, pressure and light (Sulkin, 1984; Queiroga and Blanton, 2005; Anger et al., 2015; Epifanio and Cohen, 2016) . As larvae develop, variations in their sensitivity to these stimuli can result in changes in swimming speed and behavior, which will alter their relative vertical position in the water column (Sulkin, 1984; Park et al., 2004; Queiroga and Blanton, 2005; Epifanio and Cohen, 2016) . Since the speed and direction of horizontal currents vary with depth, changes in a larva's vertical position have the potential to influence the direction and distance larvae are transported (Sulkin, 1984; Arana and Sulkin, 1993; Mactavish et al., 2016) . Sulkin (1984) proposed a negative feedback model for depth regulation in larval crustaceans, wherein he posits that sensitivity to external cues can modify larval behaviors to overcome or counteract negative buoyancy by altering their level of locomotor activity and by changing their orientation. Because most external stimuli vary with depth, the responses outlined in Sulkin's (1984) model-buoyancy, orientation and level of locomotor activity-may interact to create a positive or negative feedback. For instance, as larvae move up in the water column they will experience a decrease in pressure, increase in temperature and a decrease in salinity which may induce a downward movement due to negative phototaxis (moving away from light), positive geotaxis (moving toward Earth's gravitational field) and low barokinesis (e.g. pressure-induced decrease in activity). Increases in hydrostatic pressure are usually coupled to larval corrective movements by either a negative geotaxis or a positive phototaxis (Sulkin, 1984; , whereas decreases in hydrostatic pressure can elicit a reduction in locomotor activity and result in a descent by passive sinking, positive geotaxis and/or a negative phototaxis.
The larvae of several crustacean species are known to elicit behavioral responses that are consistent with a negative feedback model for depth regulation (Sulkin, 1975; Bentley and Sulkin, 1977; Latz and Forward, 1977; Sulkin et al., 1980; Cohen et al., 2015) . Newly hatched larvae of the blue crab, Callinectes sapidus, the Asian shore crab, Hemigrapsus sanguineus and the estuarine mud crab, Rhithropanopeus harrisii, all exhibit a high barokinesis (an ascent via increasing swimming speed) when subjected to increasing hydrostatic pressure (Ott and Forward, 1976; Sulkin et al., 1980; Park et al., 2004; Cohen et al., 2015) . This response positions larvae relatively closer to the surface to avoid benthic predators or to position individuals where stronger horizontal currents can facilitate transport (Queiroga and Blanton, 2005) . Later larval stages of C. sapidus, H. sanguineus and R. harrisii exhibit an ontogenetic shift in the behavioral responses such as a positive geotaxis and low barokinesis resulting in downward movement and an overall deeper distribution (Ott and Forward, 1976; Sulkin et al., 1980; Park et al., 2004; Cohen et al., 2015) . For some species, a deeper distribution in the water column functions to exploit sublittoral flow, which can facilitate transport back toward coastal and estuarine settlement habitats (Ott and Forward, 1976; Sulkin et al., 1980; Park et al., 2004; Tilburg et al., 2011; Cohen et al., 2015) .
Though the literature is rich with examples of larval crustacean vertical swimming response to various exogenous stimuli, these behaviors have yet to be characterized for the Florida stone crab, Menippe mercenaria. The Florida stone crab inhabits sublittoral coastal habitats from North Carolina to Texas, with some populations occurring throughout the Caribbean (Lindberg and Marshall, 1984; Krimsky and Epifanio, 2008; Krimsky et al., 2009; Gandy et al., 2010) . Stone crabs support a popular fishery throughout the southeastern United States. In Florida alone, the fishery was valued at~$25-30 million per year (Gandy et al., 2016 , Florida Fish and Wildlife Conservation Commission commercial landing summaries 2000 -2016 . Effective management of commercially important species like the Florida stone crab depends on complete understanding of the organism's full life cycle, including larval vertical swimming behaviors. Characterizing the behaviors that underlie depth maintenance and vertical position of stone crab larvae can be useful in the creation of biophysical models that may predict larval dispersal (Sulkin et. al., 1980; Epifanio and Garvine, 2001; Park et al., 2004) . This study tested the hypothesis that M. mercenaria larvae respond to gravity (geotaxis), pressure (barokinesis) and light (phototaxis) in a way that is consistent with Sulkin's negative feedback model for depth regulation. Laboratory experiments were performed to determine if responses to gravity, hydrostatic pressure and light intensity vary throughout ontogeny (larval stages-1,-3 and -5).
M A T E R I A L S A N D M E T H O D S Collection and maintenance of ovigerous Menippe mercenaria
Ovigerous stone crabs were collected by hand from Sebastian Inlet, Florida (27°51.36´N, 80°26.54´W) during the summers of 2004-2006 and 2011-2012 . Geotaxis and barokinesis experiments were completed in 2004-2006 while phototaxis trials were completed as a separate experiment in 2011-2012. Crabs with embryos expected to hatch within 24 h (dark brown egg masses) were transported to Florida Institute of Technology's aquaculture facility and maintained in 7.5 L aquaria with aeration until larval release. Crabs with eggs not expected to hatch within 24 h (orange or rusty brown egg masses) were maintained in a 190 L recirculating system until their embryos were developmentally within 24 h of hatching. All animals were maintained on a summer 14 h light: 10 h dark cycle and in salinity and temperature conditions that were comparable to those at the collection site (28°C, salinity 35). Adult crabs were fed shrimp ad libitum daily to satiation.
Larval rearing
A method for rearing larval stone crabs was developed for these experiments that were similar to protocols described by Gravinese (2007) and adapted by Gravinese et al. (2018) . Newly hatched larvae were maintained as separate broods throughout all experiments and reared in 18 L acrylic chambers (39.6 cm × 13.7 cm; stocking density: 0.05 larvae mL −1 ) with gentle aeration. All larvae were maintained under constant conditions (28°C, salinity 35) throughout development. Larval stage-1 through stage-3 were fed a mixture of 1-day old Artemia (3 individuals per mL ) and Brachionus spp. rotifers (100 individuals per mL −1 ) daily. Prior to feeding the larvae, Artemia and rotifers were enriched with Selco and 5-10 mL of Nannochloropsis algal concentrate. Later stage larvae (stages-4-5) were fed enriched 2-day old Artemia daily (4 individuals per mL −1 ; Illingworth et al., 1997) . A 50% water change was performed daily to prevent the build-up of metabolic wastes. Larval stages were identified using the descriptions of Porter (1960) .
Larval sinking rates
Passive sinking rates for stages-1, -3 and -5 larvae were calculated by anesthetizing larvae using a 3% magnesium chloride solution. Larvae exposed to the 3% magnesium chloride solution recovered and were swimming~20 min after sinking rates were determined. One replicate consisted of using 30 individuals from one brood which were tested at each larval stage (stages-1, -3 and -5). This procedure was replicated using larvae from six independent broods for larval sinking rates. Individual larvae were pipetted into a vertical acrylic chamber (21.6 cm × 8.3 cm × 8.3 cm) containing seawater, and their sinking speed was determined over the same 10 cm section of the chamber (Arana and Sulkin, 1993) . Passive sinking rates (cm sec ) did not conform to the assumptions of normality and were compared among larval stages using a Kruskal-Wallis test (R Development Core Team, 2016) . A post hoc Tukey-HSD test was used to determine differences in sinking rates among larval stages.
Larval responses to gravity
Larval responses to gravity were determined by comparing the swimming speeds and direction of stages-1, -3 and -5 larvae with the passive sinking rates of anesthetized animals using procedures similar to those of Arana and Sulkin (1993) . Individual larvae were placed in the center of a seawater-filled (salinity 35) clear acrylic tube (16.0 cm × 3.0 cm × 3.0 cm). After a 5-min acclimation period, during which the tube was positioned horizontally, the tube was rotated 90°to the vertical position. The larva's movement in the chamber was monitored and recorded using a closed-circuit video system (Panasonic BP334 B/ W video camera attached to a Panasonic Model AG 1980 video recorder), which was only illuminated with far-red light (775 nm) which is outside of the spectral sensitivity for larval crustaceans (Forward et al., 1984) .
One replicate consisted of using 25 individuals from one brood at each larval stage tested (stages-1, -3 and -5). This procedure was replicated using larvae from six independent broods during geotaxis experiments. Responses within the vertical plane were recorded for the first 10 s after rotation. Swimming speeds (cm sec −1 ) were determined by measuring the time it took a larva to travel 10 cm. Larvae that did not travel up or down within the 10 s time interval were treated as "unresponsive" (similar to Park et al., 2004) . A net upward response was scored as negative geotaxis, while downward responses were attributed to a positive geotaxis only if the descent rates of unanesthetized larvae exceeded the passive sinking rates determined for anesthetized larvae (according to Arana and Sulkin, 1993) . If the descent rates of unanesthetized larvae did not exceed the passive sinking rates, the response was instead considered to be a controlled descent. Active swimming and passive sinking did not conform to the assumptions of normality and were compared using a Mann-Whitney U test (R Development Core Team, 2016) .
Stages-1 and -3 larvae were expected to swim upwards (based on observations in other brachyuran crustacean larvae), therefore, any larvae that swam upwards, or maintained position (i.e. neutral response) during geotaxis experiments were compared for differences in directional movement. Stage-5 larvae were expected to orient downwards, therefore, the proportion of larvae that swam down, or maintained position, during geotaxis experiments were compared statistically. Because the larval directional movement (e.g. up vs. down) are categorical variables, responses were compared using a log-likelihood ratio test (R Development Core Team, 2016; Zar, 1998) .
Larval responses to hydrostatic pressure
Responses of larvae to continuous changes (increases or decreases) in pressure were measured using an apparatus similar to Forward and Wellins (1989) that produced rates of pressure change comparable to those experienced by larvae swimming or sinking in the water column. Trials consisted of placing groups of larvae in an acrylic chamber (13.3 cm × 5.1 cm × 5.1 cm) which was attached to the pressure apparatus. Changes in pressure were produced by attaching a piece of plastic tubing (3.2 cm diameter × 3 m) to a nylon cord, which was connected to a variable speed motor (Dayton, model 2Z802, Lake Forest IL, USA) and pulley system. Larvae were subjected to constant but gradual increases or decreases in hydrostatic pressure by raising or lowering the distal end of the water filled tubing along a vertical track. The experimental larval chamber and video analysis equipment remained stationary during stimulation. A pressure transducer (Omega DP25B-S-A, Norwalk, CT, USA) was used to calibrate the apparatus and determine rates of pressure change (mbar sec
). Upward or downward responses to changes in pressure were determined by videotaping larvae in the experimental chamber under far-red light (775 nm) using a closed-circuit video system similar to previously described. Otherwise, all trials were conducted in darkness. Larval responses to changes in pressure were tested using larvae from five independent broods. Fifty larvae were harvested from each independent brood at stage-1, upon reaching stage-3, and again upon reaching stage-5 in order to perform barokinesis experiments. A total of 150 larvae were used per independent brood and new groups of larvae were used in each trial (i.e. larvae at each larval stage per brood were only used once). Trials examining larval responses to pressure increases consisted of placing the groups of 50 larvae from one brood into the experimental chamber in darkness for a 10-min acclimation period at atmospheric pressure. After the acclimation period, the pressure inside the chamber was increased by an absolute pressure change of 100 mbars at one of six pre-determined rates (0.05, 0.10, 0.25, 0.5, 1.0 and 2.0 mbar sec
−1
). Rates of pressure change were used in order to simulate consistent gradual rates of change larvae may experience while swimming or sinking. Similar procedures were used for testing rates of pressure decrease, except acclimation periods were at 100 mbars above atmospheric pressure before pressure was decreased over similar rates of change.
Responses to absolute changes in pressure were determined at the threshold rate of pressure change for each larval stage for both pressure increases and decreases. Video recording of larvae in the experimental chamber began 20 s before the pressure stimulus and continued until 20 s after reaching the absolute change of 100 mbar. The number of larvae swimming in the upper (for a pressure increase) and lower (for a pressure decrease) half of the chamber was enumerated at 20 mbar increments for the 100 mbar absolute change. The response to changes in absolute pressure was defined as the total amount of pressure change (in 20 mbar increments) that was necessary before a significant change in distribution was observed relative to the control. All experiments were conducted at 28°C and salinity 35. Control trials for each larval stage were conducted using the same setup without any change in pressure stimuli. During the acclimation period and control trials, the motor was left running to control for any effect of the motor vibrations on larval distributions.
The mean net response to increasing and decreasing rates of change was compared with control responses using a repeated-measures analysis of variance (ANOVAR, R Development Core Team, 2016) . Because ascent responses were expected during pressure increases, and descent responses were expected for pressure decreases, a one-tailed Dunnett's comparison was used to determine the lowest rate of change (i.e. the threshold) that elicited a response significantly different from the control. The minimum absolute pressure change that elicited a response was determined at the threshold rate change for each larval stage (i.e. 0.1 mbar sec −1 upon a pressure increase). The absolute change in pressure at each larval stage was compared to control values using a Bonferroni corrected t-test.
Larval response to light
Responses of M. mercenaria larvae to different light intensities were measured using an apparatus designed to simulate the natural daytime angular light distribution in coastal waters (Forward and Buswell, 1989; Forward and Wellins, 1989) . A clear acrylic test chamber (19.0 cm tall × 5.0 cm × 5.0 cm) filled with seawater (salinity 35), was placed at the center of a water bath (25.0 cm tall × 50.0 cm × 50.0 cm) that had its walls painted flat black. The water bath was filled with deionized water and the walls were outside the critical angle (zenith ± 48.6°) as viewed from the bottom of the test chamber (similar to Forward and Buswell, 1989) . The water bath temperature was maintained to keep the test chamber at~28°C. Experiments were conducted in a dark room to ensure that the experimental stimulus light was the only light perceived by larvae. A 300 W incandescent lamp (Viewlex V-33 projector) was used to illuminate the test chamber from above by reflecting the light down into the water bath using an angled mirror that was wider than the experimental test chamber (similar to Forward and Buswell, 1989) . Stimulus light was passed through an infrared absorbing filter to remove heat, and a Corning #4-94 interference filter (500 nm) to match the light to the spectral sensitivity of larval crustaceans (Forward et al., 1980) . Light intensity was adjusted using a series of neutral density filters and measured with an underwater light meter (LI-COR LI-250A light meter with LI-192SA Underwater Quantum Sensor; Lincoln, NE, USA). Larval distributions inside the test chamber were monitored and recorded using the same closed-circuit video system described above that was back-illuminated with far-red light (775 nm). Parafilm was used to seal the acrylic chamber to prevent evaporation during experimental trials.
To compare the phototactic responses of M. mercenaria larvae for stages-1, -3 and -5 to increasing intensities of light, larvae (50 per trial per brood) were pipetted in the test chamber and dark-adapted for 1 h. Larvae were then subjected to an initial light intensity of 1.0 × 10 16 photons m −2 s −1 for 10 min and the number of larvae swimming in the upper half of the experimental chamber was recorded using the video setup previously described (similar to ). The light intensity was then increased by ½ log unit and the process was repeated (similar to Cohen et al., 2015) . Six additional light intensities between 1.0 × 10 16 photons m −2 s −1 to 1.0 × 10 19 photons m −2 s −1 were tested. Controls consisted of analyzing the distribution of the same group of larvae for 10 min in dark conditions prior to receiving the light stimulus. After each trial, the larvae were removed and a new group of larvae from a different brood were tested. Light intensity experiments were repeated using larvae from multiple independent broods (stage-1 = 17 broods, stage-3 = 16 broods, stage-5 = 9 broods). A positive phototaxis was indicated by an increase in the number of larvae swimming in the upper half of the chamber (i.e. response values >0). A negative phototaxis was indicated by a decline in the number of larvae swimming in the upper half of the experimental chamber. Larval distributions in the experimental treatment did not meet the assumptions of normality. Larval phototactic responses were ranktransformed prior to comparing larval distributions using an ANOVAR and Dunnett post hoc test (Conover and Inman, 1981; R Development Core Team (2016) ).
R E S U L T S Passive sinking rates and geotactic responses
All larval stages were negatively buoyant and passive sinking rates increased significantly throughout development (Kruskal-Wallis test, H(2) = 479.1, P < 0.0001; Fig. 1) . A post hoc Tukey test showed that the passive sinking rates were significantly different from each other (P < 0.001 for all larval stage comparisons). Sinking rates for stages-3 and -5 larvae ( ̅ X ± SE, 0.82 ± 0.01 cm sec
, and 1.5 ± 0.02 cm sec −1 respectively; n = 180 for both stages) were roughly three and five times faster than for stage-1 larvae ( ̅ X ± SE; 0.32 ± 0.003, n = 180).
Larval responses to gravity shifted throughout development from a negative geotaxis in early stage larvae to a controlled descent in late-stage larvae. When the chamber was orientated vertically, both stages-1 and -3 larvae exhibited a similar response and moved upward in the chamber (G-test, stage I: G = 57.2, P < 0.001; stage III: G = 34.1, P < 0.001; Fig. 2) . Conversely, stage-5 larvae moved downward (G-test, G = 83.2, P < 0.001). Neutral responses accounted for 6% of the response among all larvae tested. Downward swimming speeds during geotaxis trials were not significantly different from passive sinking rates in stage-1 larvae (Mann-Whitney U test, stage I: U = 2638, N1 swim = 35, N2 sink =180, P = 0.13; Fig. 1 ). Passive sinking rates of stages-3 and -5 larvae were significantly faster than their active downward response (Mann-Whitney U test, stage III: U = 406, N1 swim = 43, N2 sink = 180, P < 0.0001; stage-V: U = 64, N1 swim = 115, N2 = 180 sink , P < 0.0001; Fig. 1) . Furthermore, video analysis indicated that the downward movement of stage-V larvae was frequently interrupted by episodic upward swimming, thus lowering the overall rate of descent.
Responses to changes in pressure
All three larval stages exhibited a significant active ascent in response to increasing pressure (ANOVAR, stage-1: F (6, 24) = 29.5, P < 0.0001; stage-3: F (6, 24) = 24.2, P < 0.0001; stage-5: F (6, 24) = 17.4, P < 0.0001, Fig. 3 ). The magnitude of the response increased proportionally with increasing rates of pressure change before plateauing at the highest rates of change. The slowest rate of pressure increase necessary to evoke a significant ascent response (i.e. the threshold) was 0.1 mbar sec −1 for all larval stages (P < 0.001 for all stages; Fig. 3) .
The absolute pressure increase needed to produce an ascent response was determined for the threshold rates of change by comparing the absolute responses at 20 mbar increments (over a 100 mbar absolute change) to control values. At the threshold rate (0.1 mbar sec −1 ) for an increase in pressure, stage-1 larvae required an absolute pressure change of 80 mbars before a significant response was observed (Bonferroni corrected: t 8 = −3.8, P = 0.004; Table I ). The absolute threshold for stage-3 larvae was at 60 mbars (Bonferroni corrected: t 8 = −3.3, P = 0.009; Table I ) during a pressure increase. Stage-5 larval responses to absolute changes in pressure required an absolute change of 100 mbars before eliciting a significant ascent response (Bonferroni corrected: t 8 = −3.5, P = 0.008).
When subjected to decreasing pressure, all larval stages showed a downward swimming response, but the threshold differed at each larval stage and depended on the rate of change. Stage-1 larvae were most sensitive to pressure decreases and exhibited a descent response at 0.1 mbar sec −1 (ANOVAR, F (6, 24) = 2.63, P = 0.042; Fig. 4a ). At this rate, larvae required an absolute change of 60 mbar before a corrective response was observed (Bonferroni corrected: t 8 = −3.6, P = 0.006; Table I ). Stage-3 larvae were less sensitive to declining pressure and showed significant descent responses at 0.25 mbar sec −1 (ANOVAR, F (6, 24) = 3.23, P = 0.018; Fig. 4b) ; however, the absolute threshold was higher: 100 mbar (Bonferroni corrected: t 8 = −4.8, P = 0.001). Stage-5 larvae did not elicit a significant downward response upon any rate of decrease (ANOVAR, F (6, 24) = 2.42, P = 0.06; Fig. 4c) , however, the magnitude of the stage-5 response was similar to or greater than responses observed during earlier larval stages. Stages-1 and -3 larvae responded to the rate of pressure change, rather than the absolute amount of change because: (i) the percent of larvae responding to changes in pressure increased with increasing rates of change (see Fig. 3 ) and (ii) the absolute amount of change that elicited a response was similar regardless of the rate of change.
Responses to changes in light intensity
All larval stages exhibited a negative phototaxis and the magnitude of the phototactic response increased with increasing light intensity in both early and mid-stage larvae (Fig. 5) . Stage-1 were sensitive to low light intensities Box and whiskers plot showing the larval downward swimming activity during geotaxis trials conducted in darkness (white) compared to passive sinking rates (gray) for stages-1, -3 and -5 larvae. Larval passive sinking rates were significantly different among larval stages (Tukey test P < 0.001). Asterisks represent significant differences among the passive sinking rate and downward swimming speed within each larval stage (Mann-Whitney U test, P < 0.001).
Fig 2.
Larval responses to changes in gravity (N = 6 independent broods). Mean (±SE) percent movement up (white bars) or down (black bars) for stages-1, -3 and -5 larvae. Stages-1 and -3 larvae were expected to swim up while stage-5 larvae were expected to swim down. Therefore, larvae that exhibited a neutral response in stages-1 and -3 were included in the upward bars, while a neutral response in stage-5 larvae is displayed in the downward bar. Only 6% of all the larvae tested exhibited a neutral response. All trials were conducted in darkness. Different letters represent responses that were significantly different.
ANOVAR, F(7,16) = 24.8, P < 0.0001; Fig. 5a ). Stage-3 larvae were less sensitive than stage-1 larvae (ANOVAR, F (7,15) = 28.5, P < 0.0001; Fig. 5b ). Stage-5 larvae also elicited a downward response to light that was only significant at stronger light intensities (3.16 × 10 18 ; ANOVAR, F (7,8) = 3.7, P = 0.002; Fig. 5c ).
D I S C U S S I O N
The results presented here indicate that the vertical swimming behavior of stone crab larvae in response to changes in exogenous cues like gravity, pressure and light provide a mechanism for depth regulation. The stone crab larval vertical swimming behavior in response to exogenous stimuli changed throughout ontogeny, which will likely result in shifting their relative vertical position throughout development. Current speeds and current direction both vary with depth; therefore, the vertical position of larvae will ultimately have implications for horizontal dispersal, food availability, and predator avoidance and the recruitment of postlarvae back toward nursery habitats (Queiroga and Blanton, 2005) .
Depth regulation in stages-1 and -3 larvae
Stages-1 and -3 stone crab larvae increased swimming activity and swam upward in response to pressure increases, while decreases in pressure stimulated a downward response. The observed passive sinking rates and upward swimming speeds exceeded the threshold rate for responses to both increases and decreases in pressure. This suggests that stone crab larvae sink and swim fast enough to experience changes in pressure that would induce a corrective swimming response. These behaviors were the result of a strong barokinesis coupled with negative geotaxis. Combined, these behaviors function to maintain an individual's position, and assist stone crab larvae in avoiding adverse environmental conditions like extremes in temperature and salinity (Forward, 2009 ). The range of vertical movement (i.e. depth window) stone crab larvae will swim before eliciting a corrective swimming response can be estimated by their response to absolute changes in pressure. Stage-1 larval responses were close to symmetric for both increases and decreases in absolute pressure (Table I) . Stage-3 tone crab larvae displayed a shift in their response to absolute changes in pressure that favored a greater net upward movement in darkness than stage-1 larvae (see Table I ). This change in response to absolute pressure suggests an asymmetrical depth window at night that would allow more upward movement (i.e. wider vertical distribution) in stage-3 larvae.
Despite the upward swimming trends in stages-1 and -3 larvae, their responses to light will likely serve as a barrier to upward migration during the day. Both early larval stages exhibited a negative phototactic response; however the sensitivity to changes in light intensity decreased throughout ontogeny. The negative phototactic response aligns with responses reported for other brachyuran crab larvae (see Epifanio and Cohen, 2016) . The sensitivity to low-moderate light intensities could function to protect early to mid-stage larvae from strong intensities of ultraviolet radiation near the surface and ). Control values represent changes in the distribution of groups of larvae that were subjected to the same experimental conditions but did not experience a change in pressure. The slowest rate of pressure change that elicited an ascent response that was significantly different from control values (i.e. threshold) is indicated by an asterisk. All trials were conducted in darkness.
help in avoiding visual predators that are present in welllit coastal waters Morgan and Christy, 1996) , especially since larval release for M. mercenaria consistently occurs during the day (Krimsky et al., 2009) . Therefore, light serves as a limit toward upward migration during the day and likely adjusts each larval stage's relative position by means of a light-dependent negative feedback model for depth regulation (Forward and Wellins, 1989) . Under this behavioral model, larvae will ascend to a depth where light is above their threshold intensity, where they will experience decreases in pressure and elicit a negative phototaxis and a low barokinesis resulting in a downward movement toward deeper water. Below their threshold light intensity, larvae will respond to exogenous cues as if in dark conditions (Cohen et al., 2015) . The sensitivity to light in early and mid-stage stone crab larvae would cause the depth window to change such that the ascent distance becomes shorter than the descent distance during the day (Forward and Wellins, 1989) , suggesting that stone crab larvae undergo diel vertical migration early and mid-stage stone crab larvae likely regulate their depth and maintain their position near their lower light intensity threshold by means of a negative geotaxis (ascent) during the day, and then shift to a shallower, but wider distribution at night.
The responses observed in early and mid-stage stone crab larvae are consistent with responses reported for other brachyuran crabs, including the blue crab, C. sapidus (Sulkin et al., 1980) , the yellow shore crab, Hemigrapsus oregonensis (Arana and Sulkin, 1993) , the flatback mud crab, Eurypanopeus depressus (Sulkin et al., 1983) , the Japanese shore crab, H. sanguineus (Park et al., 2004; Cohen et al., 2015) , the rubble crab, Leptodius floridanus (Wheeler and Epifanio, 1978) and the Atlantic rock crab, Cancer irroratus (Bigford, 1977) . Observations for other xanthid crustacean larvae that live in littoral and sublittoral habitats such as Neopanope sayi also show vertical swimming behaviors (negative phototaxis and a descent upon pressure decreases) characteristic of species that exhibit depth regulation and that position themselves shallower in the water column (Forward and Buswell, 1989) . For instance, Dittel and Epifanio (1982) confirmed the presence of N. sayi larvae in surface samples.
The suite of behaviors observed during changes in gravity, pressure and light experiments indicates that (i) stages-1 and -3 stone crab larval responses are consistent with Sulkin's (1984) negative feedback model for depth maintenance and (ii) the shift in sensitivity to exogenous stimuli throughout ontogeny likely adjusts larval vertical positioning (i.e. width of the larval depth window). These results suggest that larval response to gravity, pressure and light function to maintain stages-1 and -3 tone crab larvae at relatively shallow depths at night and transition to moderately-lit depths with a deeper distribution during the day. Despite this shift in vertical position, it is likely that stages-1 and -3 tone crab larvae are still positioned shallower than later larval stages where currents will facilitate transport.
Depth regulation in stage-5 larvae
The behaviors displayed by stage-5 larvae promote a negative feedback model for depth regulation; however, late-stage larvae had an ontogenetic shift in their response to gravity, pressure, and light cues. The passive sinking rates of stage-5 larvae also exceeded their threshold speed (15 mm sec −1 >0.1 mm sec −1 threshold on a pressure increase) which likely stimulated a barokinetic response resulting in upward movement. The descent by stage-5 larvae during geotaxis experiments was characterized by periods of passive sinking that were punctuated by intermittent upward swimming. A true positive geotaxis would have required active downward swimming speeds to be greater than the passive sinking rates, which was not the case in these experiments. The stage-5 downward response upon a pressure increase (100 mbar before eliciting upward swimming) should shift the depth window of stage-5 larvae to an overall deeper position in the water column.
Stage-5 larvae were also sensitive to pressure decreases resulting in a downward movement, a response characteristic of Sulkin's feedback model (1984) . Although not statistically significant, the downward response may be biologically relevant as the magnitude of the response was similar to or greater than the responses observed in stages-1 and -3 larvae (Fig. 4) . The lack of a significant response is likely the result of the variability observed in the control among stage-5 individuals, which was not observed in the stages-1 or -3 larvae. The shift in orientation to gravity and the sensitivity to changes in pressure within stage-5 tone crab larvae align with observations in other brachyuran crustaceans that exhibit a feedback model for depth regulation (Bartilotti et al., 2014) . For (Sulkin et al., 1983; Forward and Wellins, 1989; Arana and Sulkin, 1993; Bartilotti et al., 2014) . Stage-5 larvae were less sensitive to light which may cause the upper limit of their distribution to shift upwards slightly during the day resulting in a wider vertical distribution. Forward and Wellins (1989) predicted a wider depth distribution occurs with age for brachyuran crustaceans if: (i) the effects of light on the depth regulatory window changed with age and/or (ii) the descent limit of the window became wider with age. Despite stage-5's change in sensitivity to light, it is unlikely that a negatively phototactic, negatively buoyant larva that swims down upon pressure decreases would be positioned high enough in the water column to be transported by surface currents. Rather, these results support the hypothesis that stage-5 tone crab larvae are on average positioned deeper than earlier larval stages.
C O N C L U S I O N S : I M P L I C A T I O N S F O R S T O N E C R A B L A R V A L T R A N S P O R T
Larval release in synchrony with the greatest tidal amplitude typically functions to facilitate transport away from parent populations (Tilburg et al., 2011; Krimsky et al., 2009 ) and assists in advecting individuals away from warmer inshore waters that are not favorable for larval survival (Schomer and Drew, 1982; Brown et al., 1992; Gravinese et. al., 2018) . Stone crab populations along the east and west coast of Florida (Sebastian and Tampa Bay) do not release larvae in synchrony with tides, primarily because these populations are from microtidal or offshore habitats where tidal cues do not serve as a strong signal for larval release (Krimsky et al., 2009) . Stone crab populations within the Florida Keys, however, synchronize their larval release near the time of the greatest tidal amplitude (Krimsky et al., 2009) . After larval release, the behavioral responses elicited by stages-1 and -3 tone crab larvae would favor a net upward movement positioning individuals at shallower depths, especially at night. The relatively shallower positioning in the water column after hatching, coupled with release in synchrony with the tides in south Florida likely subjects stone crab larvae to strong tidal currents flowing offshore. The diel movement of stages-1 and -3 larvae to a deeper depth distribution during the day may however expose larvae to weaker subtidal flow (Ekman currents) that could limit their overall dispersal. The negative phototactic response to high light intensities, downward response to decreases in pressure, and positive orientation to gravity exhibited by stage-V stone crab larvae would promote an average deeper distribution. Positioning of late-stage larvae deeper in the water column (<30 m) should subject individuals to onshore flow patterns in south Florida during late spring and summer (stone crab reproductive season; Leichter et al., 1998; 2003; Liu and Wesiberg, 2012) . This overall deeper distribution will likely facilitate the movement of late-stage stone crab larvae toward settlement habitats ). Control values represent changes in the distribution of groups of larvae that were subjected to the same experimental conditions but did not experience a change in pressure. The slowest rate of pressure change that elicited an ascent response that was significantly different from control values (i.e. threshold) is indicated by an asterisk. There was no significant difference in the stage-5 response. All trials were conducted in darkness.
where chemical and physical cues will eventually induce settlement (Krimsky and Epifanio, 2008; Pochelon et al., 2014) .
Describing larval behavioral response to exogenous cues is a first step toward developing biophysical numerical models that could track stone crab larval dispersal and stage-5 (N = 9) (c) larvae swimming in the top half of the chamber when exposed to increases in light intensity (photons m −2 sec −1 ). The dotted line represents the distribution in constant dark conditions (control). The lowest light intensity to elicit a significant response (i.e. threshold) that was different from the control is indicated by an asterisk. and recruitment patterns. Such models would be valuable for fishery managers interested in determining population connectivity and protecting local nursery habitats. Future management of the stone crab fishery should aim to identify how changes in climate and other environmental disturbances may further impact larval vertical swimming responses. For example, climate change and Everglades restoration efforts are likely to result in shifts in precipitation and freshwater discharge respectively, both of which may change salinity regimes along south Florida coasts (Mitsch, 2016) . Currently, no studies have determined how stone crab postlarval vertical swimming may be impacted by changes in salinity. Additionally, increased river discharge and continued coastal development will undoubtedly accelerate coastal acidification (Bauer et al., 2013) . Previous work has shown that lower seawater pH slows stone crab embryo development (~24%; Gravinese, 2018) , reduces stone crab hatching (~30%; Gravinese, 2018) and increases stone crab larval mortality (37%; Gravinese et al., 2018) ; however it is unclear if acidified conditions damage the calcified statocyst crustacean larvae use to orient vertically. Future work should, therefore, attempt to determine if exposure to acidified conditions or other environmental perturbations impair larval stone crabs vertical swimming behaviors. 
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